This note describes a method to characterize the performances of image fusion software (Syntegra) with respect to accuracy and robustness. Computed tomography (CT), magnetic resonance imaging (MRI), and singlephoton emission computed tomography (SPECT) studies were acquired from two phantoms and 10 patients. Image registration was performed independently by two couples composed of one radiotherapist and one physicist by means of superposition of anatomic landmarks. Each couple performed jointly and saved the registration. The two solutions were averaged to obtain the gold standard registration. A new set of estimators was defined to identify translation and rotation errors in the coordinate axes, independently from point position in image field of view (FOV). Algorithms evaluated were local correlation (LC) for CT-MRI, normalized mutual information (MI) for CT-MRI, and CT-SPECT registrations. To evaluate accuracy, estimator values were compared to limiting values for the algorithms employed, both in phantoms and in patients. To evaluate robustness, different alignments between images taken from a sample patient were produced and registration errors determined. LC algorithm resulted accurate in CT-MRI registrations in phantoms, but exceeded limiting values in 3 of 10 patients. MI algorithm resulted accurate in CT-MRI and CT-SPECT registrations in phantoms; limiting values were exceeded in one case in CT-MRI and never reached in CT-SPECT registrations. Thus, the evaluation of robustness was restricted to the algorithm of MI both for CT-MRI and CT-SPECT registrations. The algorithm of MI proved to be robust: limiting values were not exceeded with translation perturbations up to 2.5 cm, rotation perturbations up to 10-and roto-translational perturbation up to 3 cm and 5-.
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Manual reslicing of data using functional-anatomic landmark is frequently used to register reconstruction studies. Disadvantages of such methods are operator subjectivity and the time required to correct for six degrees of motion. Techniques that match surface contours have found application in multimodality registration studies, but often require manual editing of the data to generate appropriate surfaces and have so far been largely limited to brain studies. More recently, a number of fully automated techniques based on voxel intensity have been described and validated: among them mutual-information maximization is one of the most popular algorithms.
In the last few years, because of the increasing interest in the clinical use of image fusion, a number of commercially available software often, but not always, integrated in radiation treatment planning have made their appearance on the market. They usually offer a wide choice of the methods to be employed in image registration extending from manual techniques, based on anatomical landmarks, semiautomatic techniques based on external fiducial markers or surface matching, or fully automated techniques based on voxel intensity measures. To be clinically useful, registration algorithms should be accurate, robust (adaptable to different degree of misregistration), and flexible (applicable to different situations). Ideally, they should also be automatic and fast. Validation of software registration is not trivial because ground truth is rarely known. Nonetheless, an effort should be in made to perform software acceptance testing before their introduction in clinical use.
In the present study, we evaluated the image fusion software Syntegra 5 (Philips Medical Systems, Eindhoven, The Netherlands). In Syntegra, multiple 3D reconstructed studies of the same patient or phantom are used. An active floating image can be reoriented to be aligned with a stationary reference image in any direction using rigid body transformation. The reoriented, aligned image can then be saved and the matrix of transformation visualized. More than one secondary image can be selected for image fusion, but you can only view fusion one at a time with the primary image set. When visually inspecting the registration results between two data sets, a cutout window tool is available that allows drawing a rectangle through which the secondary image set can be viewed. Syntegra allows interactive registration, registration based on fiducial points and implements three rigid body algorithms of automatic registration: 1) cross correlation, 6Y8 which makes direct comparison between image set values and is supposed to be effective for registering image sets of the same modality; 2) local correlation, 6Y8 which makes comparison of many areas of the image sets: it works best for image sets with differing modalities in which equivalent features can easily be seen (as in the case of CT-MRI); 3) normalized mutual information 9, 10 : As it does not assume a functional relationship between the values, it is effective for any multimodality image sets.
The aim of this study was to characterize the performances of Syntegra with respect to accuracy and robustness in registering CT, MRI, and 99m Tcmethoxyisobutylisonitrile (MIBI) SPECT brain images. This work has two main characteristics. The first is represented by the assessment of accuracy and robustness using both phantom and patients instead of using only phantom data as is currently done in multimodality image registration quality assurance studies. 11Y13 The second is represented by the definition of a new set of estimators to identify translation and rotation errors in the three coordinate axes independently from point position in image field of view (FOV).
METHODS

Phantoms
Alderson Rando phantom is usually used in CT for detailed mapping of dose distribution. The phantom is constructed with a natural human skeleton cast inside material that is radiologically equivalent to soft tissue. Hole grids are drilled through the phantom's soft tissue material. To better evidence the head boundary in SPECT and MRI imaging, the phantom's head was circled with a capillary tube of 3-mm inner diameter filled with a solution of 99m Tc (2.2 MBq/ml) and gadolinium-diethylenetriamine penta-acetic acid (DTPA)-dimeglumine (Gd-DTPA; 0.5 mmol/l). Four capillaries of 1-mm inner diameter, filled with 99m Tc (61 MBq/ml) and Gd-DTPA (0.5 mmol/l) were placed internally and used as fiducial markers.
Hoffman 3D phantomi (Data Spectrum Corporation, Hillsborough, NC, USA) allows anatomically accurate simulation of radioactivity distribution for brain SPECT and brain PET studies and distribution of proton density and relaxation parameters for brain MRI studies. The phantom was filled with a solution of 99m Tc (2.2 MBq/ml) and Gd-DTPA (0.5 mmol/l).
Patients
Ten consecutive patients affected by high-grade glioma were examined. All of the patients were candidate to receive 3D conformal radiotherapy. Positioning was secured by customized thermoplastic mask and head rest to achieve accurate immobilization for simulation and reliable repositioning during each treatment session. Multiple image studies were performed by CT, MRI, and SPECT acquired in the same week.
Acquisitions
The CT investigation was performed on a helical CT (Prospeed Plus, GE, Milwaukee, WI, USA). The scan was performed axially with 3-mm slice thickness, scanned without gap from vertex to foramen magnum, using a 512Â512 matrix and a pixel size of 0.49 mm.
MRI was performed using a 0.5-T system (Signa, GE, Milwaukee, WI, USA). The acquisition was done with a standard head coil. The head was fixed using velcro band as thermoplastic mask did not fit into the head coil. Three-dimensional spoiled-GRASS fast sequence (repetition time, 25 ms, minimum echo time 1 ms) after contrast material application (Gd-DTPA 0.1 mmol/kg body weight) and 3-mm slice thickness were acquired from vertex to foramen magnum, using a 256Â256 matrix and a pixel size of 1.17 mm.
SPECT scan was performed on a dual-head gamma camera (Varicam, GE, Milwaukee, WI, USA) equipped with low-energy high-resolution collimator. Each patient was injected intravenously with 740 MBq of 99m Tc-MIBI 8 min before scanning. Acquisition parameters were: 15% energy window centered on 140 keV, 120 projection angles over 360-, acquisition time of 20 s per frame, and matrix size of 128Â128 with pixel size of 4.4 mm in the projection domain. The images were reconstructed by filtered backprojection using a Hanning filter (cutoff = 23, order 5). A uniform attenuation correction by Chang's first order (m=0.11 cm j1 ) method was used. Images were reconstructed using a 128Â128 matrix with 2.34-mm pixel size and 4.4-mm slice thickness. The images were transferred via network to a Sun Solaris work station and matched using the image registration software Syntegra.
Definition of the Gold Standard
Image registration was performed by means of an interactive method based on 3D rigid body transformations. Axial, sagittal, and coronal slices were simultaneously displayed on a screen with three view ports. Oblique orientations were displayed through additional view ports. The CT slices were selected as reference images and MRI and 99m Tc-MIBI SPECT images were set as floating data sets. For each image modality, window level and width were independently adjusted and different chromatic scales were used for the overlay. Image registration was obtained by translating and rotating the floating images according to CT for each orientation. After every transformation of the registration procedure, each view port was immediately updated showing the fusion between the references and floating images. In phantoms, the superposition of the skull margins, internal and external capillaries were checked. A preliminary study led by using a Jaszczak phantom showed that the registration errors of this interactive method were less than 2 mm in agreement with other data of the literature.
14,15 In the present study, the accuracy of image registration was verified in patients by direct superposition of anatomic landmarks such as: basilar artery and foramens of the skull base for CT and MRI images; pituitary gland, temporal horns of choroids plexus and skull surface for 99m Tc-MIBI SPECT. Image registration was performed independently by two couples of observers composed by one radiotherapist and one medical physicist. Each couple performed jointly and saved the image registration. Depending on the spatial resolution of the analyzed image, the discrepancies between the two solutions ranged from 0.67 to 1.6 mm and from 0.47 to 1.67-. The interobserver reproducibility between the two couples of observers was evaluated by means of intraclass correlation coefficient (ICC) using vari-ance component estimation. 16 Values above 0.70 indicate good reproducibility and little interobserver variability, whereas values below 0.50 indicate a poor reproducibility or large interobserver variability. The values of ICC were 0.73 and 0.64 for the translational and rotational components of the registrations. A way of improving reproducibility is to take multiple observations and average the scores. The result of this strategy is to divide the error plus observer variance by the number of observations. Since two independent couples of observer are involved and their solutions averaged the reliability of this averaged solution increased to ICC=0.79 and 0.71 for the translational and rotational component of the registration.
Definition of Estimators
Because accuracy is defined as the closeness of the test method and the gold standard method, a way must be devised to compare these two image fusion. Among previously defined estimators, Target Registration Error (TRE) 17,18 is the most widespread: it measures the displacement between two corresponding points visible on the two data sets after applying the registering transformation, that is:
where p is a point on the first data set, T is the transformation applied to p, and q is the corresponding point on the second data set. This estimator does not allow accounting separately for translation and rotation errors. Moreover, TRE increases moving from the center toward the periphery of the image. We want to define estimators that separately identify errors caused by translation and rotation in the three coordinate axes and independently from point position in image field of view.
Assuming no distortions, a certain rigid transformation (rotation and translation) of the floating image should bring it into perfect registration with the fixed image. A rigid transformation can be parameterized, eg, by the three components t x , t y , and t z of the translation vector and the three rotation angles 8 x , 8 y , and 8 z around the coordinate axes:
where:
If we define RT gs and RT t as the matrices linked to the gold standard transformation and to the transformation under consideration, we can easily define an error matrix ME as:
where the first row represents translation errors along x, y, and z axes and the second rotation errors along the same axes. We defined the translation error estimator TE as:
and rotation error estimator RE as the internal product of the two normalized vectors identifying corresponding points in their coordinate system:
If the transformation under evaluation closely matches the gold standard transformation then:
A third estimator A was defined as the area of the circular sector identified by TE and 8 . represented in polar coordinates in the estimator domain:
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The estimator A can be considered a synthetic and global representation of the registration errors because it provides, by means of a scalar variable, which incorporates translation and rotation errors, the distance between the solution given by the algorithm under consideration and the gold standard throughout the whole data sets, without being dependent on the position of vectors n and n ¶ as is the case for TRE.
Quantitative Validation
The quantitative validation consisted of two parts: the assessment of the accuracy of the image registration results and of the robustness of the algorithm. Accuracy in this context means the algorithm's ability to find a fusion result near the gold standard result. Robustness is defined as the ability to find the same results on all trials, even when starting from a different initial alignment of the two 3D data sets. Algorithms evaluated were: normalized mutual information for CT-SPECT registrations; normalized mutual information and local correlation for CT-MRI registrations. To evaluate accuracy, TE, RE, and A values were determined and compared to limiting values for the different algorithms employed, both in phantoms and in patients. To evaluate robustness, different alignments between images taken from one patient, randomly chosen among the 10 studied, were produced via software with the scheme reported in Table 1 , for a total of 45 perturbations applied (15 translations, 18 rotations, and 12 roto-translations). According to what can be found elsewhere in literature, 10, 19 image registrations were considered optimal if the registration error between the two images was within the voxel dimension (p x , p y , p z ) of the less resolute image. This implies for translation error TE that the condition TE G TE max must be fulfilled, where:
In our experimental setting, TE max =0.55 and 0.34 for CT-SPECT and CT-MRI registration, respectively.
Point misalignments caused by rotational error of registration are amplified when moving from the center toward the periphery of the head. Assuming a spherical shape for the head with a radius r=7 cm defined on the basis of a standard mean, 20 errors caused by small rotation angles may be approximated by:
Assuming the diagonal of the less resolute voxel as the reference value for m, the reference value for 8 can be derived as:
And, in turn, the reference value for RE as:
In our experimental setting RE min =0.9969 and 0.9988 for CT-SPECT and CT-MRI registrations, respectively.
It is worth noting that these conditions are very restrictive, since an error of m at the head boundary will translate in a decreasing value moving toward the head center.
Finally, the reference values for A can be derived as:
equaling 0.0119 cm 2 and 0.0029 cm 2 for CT-SPECT and CT-MRI registrations, respectively. Table 2 are reported the results of the accuracy study in phantoms for each couple of image type and registration algorithms employed. In CT-MRI registrations, algorithms of local correlation and mutual information perform equally well, never reaching limiting values. In CT-SPECT registrations, mutual information provided overall accurate registrations in Hoffman and Alderson Rando phantoms.
RESULTS
In
In Figure 1 are reported the results of the accuracy study in patients for each couples of image type and registration algorithms employed. Box and whiskers plot of individual values were represented for each estimator. Mean values of TE were: 0.35T0.18 cm for CT-MRI registrations using local correlation, 0.22T0.18 cm for CT-MRI registrations using mutual information, and 0.22T0.12 cm for CT-SPECT registrations using mutual information. Limiting values of TE in CT-MRI registrations were exceeded in three and one patients for local correlation and mutual information algorithms, respectively. Limiting values were never reached in CT-SPECT registrations employing mutual information.
Mean values of RE were: 0.9992T0.0016 for CT-MRI registrations using local correlation, 0.9993T0.0006 for CT-MRI registrations using mutual information, and 0.9931T0.0208 for CT-SPECT registrations using mutual information. Limiting values of RE in CT-MRI registrations were exceeded in two and one patients for local correlation and mutual information algorithms, respectively. Limiting value was reached in one patient for CT-SPECT registrations employing mutual information.
Mean values of A were: 0.0040T0.0066 cm 2 for CT-MRI registrations using local correlation, 0.0015T0.0016 cm 2 for CT-MRI registrations using mutual information, and 0.0036T0.0092 cm 2 for CT-SPECT registrations using mutual information. Limiting values of A in CT-MRI registrations were exceeded in three and one patients for local correlation and mutual information algorithms, respectively. Limiting value was reached in one patient in CT-SPECT registrations employing mutual information.
Local correlation algorithm resulted accurate in CT-MRI registrations in phantoms but, when applied to patients, exceeded limiting values in 3 of 10 cases. Thus, the evaluation of robustness was restricted to the algorithm of mutual information for both CT-MRI and CT-SPECT registrations.
In Figure 2 are reported the results of the robustness study in one patient, randomly chosen among the 10 studied, with respect to estimator A. None of the A values obtained during robustness evaluation exceeded limiting values of 0.0029 and 0.019 cm 2 established for CT-MRI and CT-SPECT registrations, respectively. In Table 3 are reported the times required to achieve image registrations in patients by human observers and using the various algorithms implemented in Syntegra. Results are expresses as mean times and standard deviations.
DISCUSSION
In the assessment of the registration accuracy of retrospective intermodality image registration there is no established gold standard, so that any registration system whose accuracy is known to be high can be adopted. In this study, the gold standard for the image registration accuracy study was defined by means of a manual interactive method based on 3D rigid body transformations. The advantage of interactive techniques is that they are fully retrospective and universally applicable in various situations combining different image modalities. Although many automated registration methods based on different approaches such as surface matching, mutual information, voxel intensity correlation have been developed in the last decade, the accuracy of interactive image registration, which relies on human visual system, is still unsurpassed by the automated techniques. Studies conducted to assess the accuracy of visual inspection in the detection of failures in retrospective intermodality registration showed that the human visual system can detect misregistration ranging from 2 mm for CT-MRI 17 to 4 mm for MRI-PET. 21 A major criticism to interactive matching is its dependence from the judgment and the training of the operator. Nevertheless, when a suitable user interface is available and applicable and many details are visible on the images, the introduced subjectivity is negligible. Pfluger et al, 14 while performing an intercomparison of automatic and interactive methods for brain MRI-SPECT image registration, reported an intraobserver/interobserver variability of 1.5 mm/1.6 mm Table 1 , for CT-MRI registrations (upper row) and CT-SPECT registrations (lower row). On the basis of the high accuracy required in the radiotherapy treatment of intracranial tumors and the rigidity of the examined anatomy, the results of image fusion were considered clinically acceptable if the mismatch with the solution provided by the gold standard was globally below the voxel size of the less resolved modality for all the points of the two registered data sets. As the TRE depends on the position in the data set and generally decreases moving toward the center of the image, this constraint may appear to be much severe; however, it must be considered that the solutions provided by the gold standard are not the ground truth, but are affected by an error, which sums quadratically with the one generated by the tested method, so that the imposed limits are, in our opinion, consistent with the clinical tasks of radiotherapy. The decomposition of the registration errors in the translation and rotation components is of clinical value in radiotherapy applications of multimodality image registration. Radiotherapy planning is involved with extended and irregularly shaped volumes, and uncertainties in the spatial orientation of these volumes can heavily affect the shape of the treatment fields. Rotation errors are more difficult to manage than translation errors, which can be simply taken into account by adding a given margin, so it is important to estimate their weight in the registration procedure. TRE by itself does not express this kind of information. Fiducial registration error (FRE) relies on point-based registration systems, but it must be emphasized that the estimators we proposed are directly measured by comparing the transformation matrices with the gold standard matrix, which has been determined by means of an interactive method based on internal landmarks. This technique incorporates the selection of multiple internal landmarks and surfaces. During this interactive registration, the operator uses visual criteria, like matching of contours around morphological structures in three dimensions. The superposition of the internal anatomical landmarks is evaluated to check the result of the registration, but it is not used to determine the transformation itself so we are not able to define a FRE because we do not use fiducial localization errors (FLEs).
Local correlation performs equally well or even better than mutual information algorithms when applied to CT-MRI registration in phantoms. Nevertheless, when accuracy was evaluated in patients, local correlation leads to unacceptable registration errors in 3 of 10 patients compared to only one misregistration obtained using mutual information, which seems to be the best performing algorithm also when registering differing modalities in which equivalent features can easily be seen (as is the case of CT-MRI registration). This discrepancy may be explained by considering that the gray level histograms are much more dispersed in patient than in phantom images, which roughly corresponds to a situation of subsampled data where mutual information algorithm is known to be less accurate. This, in turn, is a warning against the exclusive use of phantoms in the quality assurance of multimodality image registration.
The algorithm of mutual information, applied to CT-SPECT image registrations, exceeded reference values in one patient. It is worth noting that in this case the mismatch corresponds to a maximum TRE of 5.8 mm, well below the spatial resolution of SPECT imaging (10Y15 mm) and of the same order of state of the art PET tomographs. 22 Thus, one may wonder if such an error may be of clinical relevance in the context of anatomical-functional image registrations.
The algorithm of mutual information, implemented into the Syntegra software, proved to be not only accurate, but also robust. In fact, limiting values were not exceeded with translation perturbations up to a limit of 2.5 cm, rotation perturbations up to 10-and roto-translation perturbations up to 3 cm and 5-. This seems to be of great relevance in the clinical practice because, notwithstanding immobilization systems, repositioning errors of few millimeters and movement artefacts are almost unavoidable.
Registration algorithms implemented into the Syntegra software proved to be fast: the time to achieve image registration is one order of magnitude lower than the one necessary to expert human observers to perform manual registration.
